The trehalose-P synthase was purified to near homogeneity from the cytoplasmic fraction of Mycobacterium smegmatis. At the final stage of purification, the enzyme preparation showed one major band of 59 kDa on SDS gels. The 59 kDa band became labeled with N 3 -UDP[
Introduction
Trehalose is an a,a,l,l-linked disaccharide of glucose that is widespread in bacteria, yeast, fungi, plants, insects, and lower animals (Elbein, 1974) . In most of these organisms, it functions as a reservoir of glucose for energy metabolism and is stored during periods of excess food for use at later times. Thus, in fungi and some plants, trehalose is stored in the spores or seeds, and is utilized as an energy source upon germination (Birch, 1963; Smith and Galbraith, 1971) . In some insects, trehalose is the major sugar in the blood, and it serves as the energy source for flight muscle activity (Clegg and Evans, 1961) . However, trehalose can also function in other capacities in some organisms. Thus, in yeast, it can act to protect cell membranes and proteins from damage imposed by stress (Wiemken, 1990) . In mycobacteria and corynebacteria, trehalose plays an important role as a structural component of the cell wall (Lederer, 1964) . In many of these organisms, trehalose is acylated with various types of fatty acids to form trehalose-mycolates or other related glycolipids that are important parts of the cell wall structure (Saadat and Ballou, 1983; Brennan, 1989; Brennan et al, 1990; Brennan and Nakaido, 1995) .
Trehalose is formed in these various organisms by transfer of glucose from a nucleoside diphosphate glucose to glucose-6-P to form trehalose-6-P and nucleoside diphosphate (Cabib and Leloir, 1958; Goldman and Lornitzo, 1962; Murphy and Wyatt, 1965; Roth and Sussman, 1966; Elbein, 1967) . Presumably, the trehalose-6-P is then dephosphorylated by a specific phosphatase (Friedman, 1960; Matula et al, 1971 ) and used in various ways. The first report on the synthesis of trehalose was in the yeast, Saccharomyces cerevesiae, where the trehalose-P synthase catalyzes the transfer of glucose from UDP-glucose to glucose-6-P to produce trehalose-P and UDP (Cabib and Leloir, 1958) . A similar reaction was described in other lower eucaryotic cells (Goldman and Lornitzo, 1962; Murphy and Wyatt, 1965; Roth and Sussman, 1966; Elbein, 1967) , and the enzyme was purified from several different organisms (Londesborough and Vuorio, 1991; Bell et al., 1992) . However, in various Streptomyces species, the partially purified trehalose-P synthase utilized GDP-glucose as the glucosyl donor rather than UDP-glucose (Elbein, 1968) . Interestingly enough, in other organisms related to streptomycetes, such as mycobacteria and corynebacteria, trehalose can be synthesized from either GDP-glucose or UDP-glucose (Liu et al, 1969; Lapp et al. 1971) . However, synthesis from UDP-glucose is strongly dependent on the presence in the incubation mixtures of a strong polyanion such as RNA or heparin (Pan et al, 1978) .
In the present report, we describe the purification to homogeneity of the mycobacterial trehalose-P synthase, and the demonstration that the activities with UDP-glucose and GDPglucose are catalyzed by the same protein. These studies show that heparins, larger than 18 monosaccharide units in length, lower the K,,, for UDP-glucose more than 100-fold, but only alter the affinity of the enzyme for GDP-glucose about 2-fold. Various other properties of the trehalose-P synthase are described. This enzyme should provide a novel and easily accessible model system for studying protein:polyanion interactions and the effects of a polyanion on catalytic activity.
Results

Purification of the trehalose-P synthase
The trehalose-P synthase was purified from the cytosolic fraction of Mycobacterium smegmatis using the procedure described in Materials and Methods. Table I presents the outline of the procedure for purification of the synthase and shows increases in specific activity using either UDP-glucose or GDP-glucose as the glucosyl donor, and in the presence or absence of heparin. In the absence of heparin, the degree of purification and the yield of enzyme activity were nearly the same at each step with either UDP-glucose or GDP-glucose as the glucosyl donor. However, in the presence of heparin, there were significant differences in the specific activity measurements, especially with regard to activity with UDP-glucose (see below).
The crude extract was first subjected to ammonium sulfate fractionation, and the active fraction (25-55% saturation) was applied to a Sephadex G-75 column. The active fractions from this column were then applied to a Sephacryl S-300 column. These two columns gave about a fivefold purification and also clarified the extract considerably. The Sephacryl column was run in the presence of 1 M KC1, since the protein apparently aggregates in the absence of salt and emerges in the void volume. In addition, using the gel filtration step before the ion-exchange column chromatography resulted in a much better recovery of active protein then was observed when the ion-exchange chromatography preceded the gel filtration.
The active fractions from the Sephracryl column were pooled and applied to a column of DEAE cellulose as seen in Figure 1 A. The enzyme was eluted with a 0-0.2 M gradient of NaCl and emerged at about 0.12-0.14 M NaCl. This step gave a 14-fold purification of UDP-glucose activity, resulting in an overall purification of about 125, while the purification with regard to GDP-glucose activity was about 12 and the overall purification about 35. The enzyme from DE-52 was placed on a column of hydroxyapatite, as seen in Figure IB , and eluted with a 0.1-0.3 M gradient of potassium phosphate. The trehalose-P synthase emerged at about 0.22-0.24 M phosphate. This step gave an 8-fold purification for UDP-glucose activity and a 12-fold purification for GDP-glucose. The final purification step was to adsorb the enzyme to a heparin-Sepharose column, and to elute the enzyme with NaCl as seen in Figure 1C . The activity emerged at about 0.5-0.6 M NaCl, giving an overall purification of about 1900 for the UDP-glucose activity in the presence of heparin (about 300 in the absence of heparin) and about 600 for GDP-glucose in the presence, and 400 in the absence, of heparin.
At the final stage of purification, the enzyme gave a single band of 59 kDa on SDS-PAGE ( Figure 2) .
The purified enzyme fraction was reacted with the photoaffinity analog, 5-azido-UDP[ 32 P]-glucose, and then exposed to UV light to activate the azido group, and the radiolabeled protein was run on SDS gels. As seen in Figure 3 , the 59 kDa band became labeled with this probe (compare lanes 1 and 2) and the extent of labeling increased with increasing amounts of the probe (data not shown). In addition, the labeling of this protein was inhibited in a concentration-dependent manner by adding increasing amounts of unlabeled UDP-glucose ( Figure  3 , lanes 3-6) to the incubation mixtures indicating that the labeling is specific for UDP-glucose. Interestingly enough, increasing amounts of unlabeled GDP-glucose (lanes 7-10) also inhibited the labeling of the trehalose-P synthase, further indicating that the same protein catalyzes trehalose-P synthesis from either UDP-glucose or GDP-glucose. These inhibition studies also show that both bands are inhibited by the cold glucose nucleotides to about the same extent.
The purified 59 kDa protein was run on SDS gels, transferred to Immobilon PSQ membranes and subjected to amino acid sequencing by the Harvard Microchemistry Facility. Since the amino terminus of the protein was blocked, it was subjected to endoproteinase Lys-C digestion and the peptides were separated by HPLC. Three of these peptides were sequenced as shown in Table n . The table also shows the sequences of three peptides from the trehalose-P synthases of Schizosaccharomyces pombe and Saccharomyces cerevesiae (Blazquez et ai, 1994) . It is clear from this comparison that the mycobacterial enzyme shares about 60% identity with the yeast enzymes in these three amino acid sequences indicating that these enzymes are quite similar.
Properties of the purified trehalose-P synthase
The purified synthase does not show an absolute requirement for metal ions for activity, although the enzyme is stimulated by the addition of Mg" 1 " 1 " ions, as seen in Table III . Thus, at 2 mM Mg" 1 " 1 ", the activity with UDP-glucose was increased about twofold, while GDP-glucose activity was not greatly affected. These experiments were done in the absence of heparin to avoid complications due to binding of metal ion to the strong polyanion. Other divalent cations, such as Fe" " at 1 mM did not show any effect, but at 10 mM they were inhibitory. EDTA, at various concentrations up to 20 mM, did not inhibit the enzyme activity. Active fractions from hydroxyapatite were applied to the heparin-agarose column, and the enzyme was eluted with a linear gradient of NaCl (0-0.8 M) as described in Materials and methods.
The enzyme activity, with either UDP-glucose or GDPglucose as glucosyl donors, shows a broad pH optimum between 7.0 and 9.0 in Tris-HCl buffer, with the maximum activity being observed at pH 8.0 (data not shown). This pH profile was the same in the presence or absence of heparin. Potassium phosphate buffer is an inhibitor of the trehalose-P synthase especially when UDP-glucose is the substrate in the presence of heparin. These data are shown in Table IV . Thus, at 0.1 mM concentration of potassium phosphate, the activity is inhibited 50% and this increases to 90% at 3 mM. On the other hand, activity with GDP-glucose is much less affected by various concentrations of potassium phosphate. The purified enzyme is quite unstable when kept at 0°C in 10 mM Tris-HCl buffer, pH 7.5. Under these conditions, 50% of the activity was lost in 6 days, and only 20% of the activity remained after 24 days. The addition of heparin to the enzyme preparation did not improve the stability, and in fact, activity was lost at a more rapid rate in the presence of heparin. The enzyme is also not very stable when subjected to freezing. Thus, at -20°C, the enzyme lost all of its catalytic activity in just 1 or 2 days.
Effect of heparin on the trehalose-P synthase
Previous studies from our laboratory (Lapp et ai, 1971; Pan et ai, 1978) demonstrated that the trehalose-P synthase was strongly activated by heparin when UDP-glucose was used as the glucosyl donor, but only slight stimulation occurred with GDP-glucose as the glucosyl donor. Those studies also demonstrated that other polyanions such as heparan sulfate, RNA, and chondroitin sulfates were also effective at activating the enzyme but they were less effective than heparin. Weaker polyanions such as hyaluronic acid were not very effective. Table V demonstrates the effect of various amounts of commercially obtained heparin on the purified trehalose-P synthase using either UDP-glucose or GDP-glucose. In this particular experiment, there was a concentration-dependent stimulation in trehalose-P formation with increasing amounts of heparin, and at 5 ^g, activity with UDP-glucose was increased about fourfold. Activity with GDP-glucose was also stimulated but only about twofold. In some enzyme preparations, activity with UDP-glucose is stimulated as much as 10-fold by heparin, but it is not clear what causes these differences in activation in various enzyme preparations. However, in all cases, activity with UDP-glucose is much more dependent on heparin than is activity with GDP-glucose.
Commercially obtained heparin is heterogeneous in size, and it is therefore difficult to examine the specificity of the activation phenomena or the degree of activation. In order to determine whether there was an optimum size for the heparin involved in activation, various heparin fragments were obtained from Dr. Ulf Lindahl, and these were tested as activators in this system. Table VI shows that the heparin mixture, or purified heparin fragments of greater than 20 monosaccharides in length, gave maximum stimulation and increased the activity of the enzyme about 9-or 10-fold. On the other hand, the smaller-sized heparins below 16 monosaccharides were not effective at stimulating activity with either UDP-glucose or GDP-glucose, while those heparins of 18 and 20 units were somewhat stimulatory. These data are consistent with previous studies that indicated that certain RNAs were more effective at stimulating the enzyme than others depending on their size. Unfortunately, we do not know which heparin species with greater than 20 monosaccharide units are the best activators if, in fact, there is a difference in their activity. We also do not know whether some of these molecules contain unique substituents. 
Substrate specificity of the trehalose-P synthase
Since the enzyme utilizes either UDP-glucose or GDP-glucose as the glucosyl donor for the formation of trehalose-P, we examined the ability of various nucleoside diphosphate glucose derivatives to serve as glucosyl donors in the presence and absence of heparin. Table VII demonstrates that the synthase can utilize all of the glucose nucleotides as substrates for trehalose-P synthesis. In addition, the data in this table indicate that heparin shows the greatest effect with the pyrimidine glucose nucleotides, UDP-glucose and CDP-glucose, where stimulation is 6-10-fold. However, with the purine sugar nucleotides stimulation by heparin is only about twofold. Since heparin appeared to modify the substrate specificity of the trehalose-P synthase, it was important to determine whether it affected the affinity of enzyme for its glucosyl donor substrate.
Although the trehalose-P synthase can utilize all of the glucose sugar nucleotides as substrates, it has a very low affinity for nucleotides other than UDP-glucose. Table VTfl shows the calculated K,,, values for the various nucleoside diphosphate glucose derivatives, in the presence and absence of heparin. It can be seen that in the absence of heparin, all of the K^ values are in the high millimolar range, but heparin dramatically increases the affinity of the synthase for UDP-glucose by at least 100-fold. It also increases the affinity for other glucosyl donors, but in those cases, the K^ values are only lowered by fourfold. These data suggest that the real glucose donor for the mycobacterial trehalose-P synthase is probably UDP-glucose, but the structure of the natural activator of this enzyme remains to be determined.
The specificity of the enzyme for glucose acceptor, that is, sugar-6-P, was also examined in the presence of heparin and with either UDP-glucose or GDP-glucose. It can be seen in Table DC that glucose-6-P was the only acceptor that showed any activity when GDP-glucose was the substrate. However, when UDP-glucose was used as the glucosyl donor, mannose-6-P, glucosamine-6-P, and fructose-6-P showed about 8-10% of the activity as seen with glucose-6-P. Nevertheless, glucose-6-P was by far the best acceptor with either sugar nucleotide.
Effect of nucleoside diphosphates on the formation of trehalose-P
Since nucleoside diphosphates are products of the reaction that also produces trehalose-P, it was of interest to determine the effect of various nucleoside diphosphates on trehalose-P formation. Table X demonstrates that when UDP-glucose was used as the substrate, ADP and GDP were the most inhibitory nucleotides of those tested, whereas UDP was much less effective as an inhibitor, and CDP was not inhibitory. Each of these nucleotides was tested at 10 mM concentration. Interestingly enough, when GDP-glucose was used as the glucosyl donor, none of the nucleoside diphosphates were inhibitory. The effect of various concentrations of ADP and GDP on trehalose-P formation from UDP-glucose was examined as seen in Figure 4 . Fifty percent inhibition of the trehalose-P synthase occurred at about 6 mM ADP and about 10 mM GDP. 32 P]-glucose as described in Materials and Methods, except that various concentrations of unlabeled UDP-glucose (0, 5, 50, 500, 5000 JJ.M in lanes 2^6) or unlabeled GDP-glucose (5, 50, 500, 5000 JJLM in lanes 7-10) were added to the reaction mixtures. After incubation for 30 s, the incubations were exposed to UV light for 90 s to activate the azido group. The proteins were precipitated by the addition of trichloroacetic acid, and the precipitate was isolated by centrifugation, suspended in SDS and run on gels. Radiolabeled proteins were detected by exposure to film.
Whether these inhibitions have any physiological significance is not clear at this stage.
Discussion
The trehalose-P synthase of Mycobacterium smegmatis is an interesting and unusual enzyme in several respects. First of all, the purified and homogeneous enzyme can utilize all of the common nucleoside diphosphate glucose derivatives (i.e., ADP-glucose, CDP-glucose, GDP-glucose, and UDP-glucose) as glucosyl donors for the formation of trehalose-P, although the K^ values for these substrates are quite high in the absence of polyanion. Secondly, the enzyme is strongly activated by the presence of a high molecular weight polyanion such as heparin, especially when pyrimidine glucose nucleotides are used as the glucosyl donors. Thus, when UDP-glucose is the glucosyl donor, the K^ value for this substrate changes from about 29 mM in the absence of heparin to about 0.2 mM in the presence of the polyanion. However, the affinity of the enzyme for the purine glucose nucleotides is only increased about twofold by the addition of heparin.
Many proteins interact with heparin or other highly charged proteoglycans, and these interactions can cause a variety of changes in the biological activity (Lindahl and Hook, 1978;  
Amino acids indicated by bold type are those that are identical between die mycobacterial and yeast sequences. Jackson et ai, 1991; Kjellin and Lindahl, 1991) . However, the molecular interactions between the protein and the polyanion that cause these changes are not well understood. Several systems have been studied in some detail, and the chemical groups involved in the interaction have been delineated. Four of the human serpins, antithrombin EQ, heparin cofactor n, protease nexin I, and protein C inhibitor, need to be activated by a specific sulfated polysaccharide in order to be efficient inhibitors (Huber and Carrell, 1989) . For example, antithrombin HI undergoes a 1000-fold increase in its association constant with thrombin in the presence of heparin. This binding of heparin to the protein has been shown to involve a polysaccharide sequence having four sulfate groups (Beetz and van Boeckel, 1986) . The binding sites on the protein for heparin have also been studied by a variety of methods including amino acid modifications and site directed mutations. As one would expect, these sites involve basic amino acids on the protein and require a specific arrangement of lysines and arginines on the surface of the protein. A major question to be addressed in these interactions is how the binding of heparin alters the conformation of the protein to make it more active.
Lipoprotein lipase is a 55 kDa glycoprotein that is anchored at the luminal surface of the endothelium, and functions to hydrolyze triacylglycerols of lipoproteins circulating in plasma (Olivecrona and Bengtsson-Olivecrona, 1987) . Evidence indicates that the receptor for lipoprotein lipase on the endothelial cell surface is heparan sulfate (Garfinkel and Schotz, 1987) , and the binding to heparan sulfate governs many aspects of the physiological action and regulation of the enzyme. To identify the structural determinants that mediate the interaction with heparin, the basic amino acids in three segments of the lipoprotein lipase were replaced with alanines in various combinations. Five basic residues in two distinct segments of the primary sequence were found to be critical for high affinity The standard assay was performed except that heparin was added at various concentration as indicated.
heparin binding. However, since affinity of the enzyme for heparin could not be reduced below a threshold, it seems likely that there is another heparin binding determinant elsewhere on the protein (Hata et al., 1993) .
The activation of the trehalose-P synthase by polyanion appears to also exhibit the type of specificity expected for an enzyme activator. Thus, in order for heparin (or other polyanions) to function as an activator of the UDP-glucose activity, it has to be greater than 20 monosaccharide units in length. In addition, the polyanion activator has to be highly charged. Thus, polyanions such as hyaluronic acid or some chondroitin sulfates are not good activators. Since the trehalose-P synthase does bind to a heparin-agarose column, it must have a binding site for heparin. However, the nature of this putative binding region remains to be determined. We have tried several different chemical procedures to modify the lysine residues of the trehalose-P synthase, but in these experiments the enzyme rapidly lost all of its catalytic activity for trehalose-P formation with either UDP-glucose or GDP-glucose. This probably means that there is a lysine residue at the active site that is necessary for catalytic activity. Thus, while lysine and arginine residues may still be involved in the binding of heparin, we will need to find another method to demonstrate their role in heparin activation of the UDP-glucose activity. Probably the best approach would be a molecular biological approach in which lysine and arginine residues are specifically modified by (14) Hepann (12) Heparin (8) 0.2 1.8 1.6 0.6 0.5 0.3 0.2 0.2 0.2 0.5 1.3 1.1 0.9 0.9 0.7 0.6 0.5 0.5
The size of heparin is shown in the parenthesis as the number of monosaccharde units/molecule. These heparin fragments were generously supplied by Dr. Ulf Lindahl, Sweden. b The standard assay was performed without or with addition of heparin fragments at 1 u.g. In this experiment lower amounts of synthase were used in order to obtain maximum effects from various heparin oligosaccharides. UDP-Glc GDP-Glc ADP-Glc CDP-Glc 1.3 2.9 3.3 1.4 6.9 6.5 5.5 10.5 "The standard assay was performed except that sugar nucleotide and heparin were varied as indicated.
site-directed mutagenesis and the effects on the heparin activation are determined.
Materials and methods
Materials
Mycobactenum smegmatis was obtained from the American Type Culture Collection (ATCC 14468). Nucleoside diphosphate sugars; nucleoside mono-, di-, and triphosphates; agarose; heparin; Sephadex G-75; and Sephacryl S-300 were purchased from Sigma Chemical Co. Hydroxyapatite and all gel electrophoresis materials were from Bio-Rad. Trypticase soy broth was obtained from Becton Dickinson. A series of heparin oligosaccharides of various sizes were generously supplied by Dr. Ulf Lindahl, Department of Medical and Physiological Chemistry, Uppsala University, Sweden. Amino acid sequencing was done at the Harvard Microchemistry Facility, Cambridge, MA.
Assay of the trehalose-P synthase activity
Incubation mixtures for measuring enzyme activity contained the following components in a final volume of 0.1 ml (in u.mol): nucleoside diphosphate sugar, 0.5; glucose-6-P, 1; MgCl 2 , 1; Tris-HCl buffer, pH 8.0, 5; and an appropriate amount of enzyme. Assays were run in the presence or absence of 1 p.g of heparin. Incubations were usually for 15-20 min at 37°C, but other times were used as indicated in the text. Trehalose-6-P formation was determined colonmetncally using the anthrone procedure as described previously (Lapp et al, 1971 ) Briefly, the assay mixture was acidified to pH 2.0 and heated for 10 min in a boiling water bath to destroy the sugar nucleotides. Sodium hydroxide was then added to the reaction mixtures to give a final concentration of 0.1 M, and the mixture was again heated for 10 min. in a boiling water bath to destroy all reducing sugars. Any trehalose (or trehalose-P) produced in the reaction remains intact and can then be measured by the anthrone method.
In some cases, l4 C-glucose-labeled nucleoside diphosphate sugars were used as glucosyl donors in these assays. In these cases, assays contained 100,000 c p.m. of sugar nucleotide (for example, UDP- [' 4 C]glucose), glucose-6-P, 1 (xmol; MgCl 2 , 1 (j.mol; Tns buffer, pH 8.0, 5 n.mol; and enzyme, all in a final volume of 0.1 ml. Heparin was added to some of the incubations as indicated in the various experiments. The reaction mixtures were stopped by heating for 10 min in 0.1 N HCI, after which the solutions were cooled, neutralized to pH 8.0, and incubated with alkaline phosphatase (1 unit) for several hours to dephosphorylate the sugars. The mixture was diluted to 1 ml with water and treated with mixed-bed ion exchange resin (equal mixture of Dowex-50-H + and Dowex-1 -CO 3~) to remove salt. The neutral fraction was subjected to paper chromatography on Whatman 3 MM paper in n- Glucose-6-P Mannose-6-P Fructose-6-P Glucosamine-6-P 12.7
1.3 1.0 I.I 10.5 0 0 0
The standard assay was performed except that sugar phosphate was varied as indicated. Inactive sugars phosphates included Glucose-1-P, Galactose-1-P, Mannose-1-P. GlcNAc-1-P, and Xylose-1-P.
butanol:pyndine:0.1 N HCI (6:4:3) to isolate the radioactive trehalose. The amount of radioactivity incorporated into trehalose from the labeled glucose nucleotides was determined as a measure of the synthesis of trehalose-P. In both assays, various controls were routinely done, including those where either substrate (i.e., glucose-6-P or nucleoside diphosphate sugar) was added after the reaction was terminated Other controls included those where heatdenatured enzyme was added, or where active enzyme was added at the end of the incubation, immediately followed by the addition of acid to stop the reaction.
Purification of the trehalose-P synthase
Step I. Preparation of crude extract. M.smegmatis was grown in Trypticase soy broth as previously described (Liu et al, 1969) . Cells were harvested by centrifugation and the cell paste was stored at -20°C until used. All operations in the purification procedure were done at 0°C unless otherwise specified. Sixty grams of cell paste was suspended in 300 ml of ice cold Buffer A (10 mM Tris-HCl buffer, pH 7.5, containing 1 mM p-mercaptoethanol) and the cells were disrupted by sonic oscillation. The broken cell suspension was centrifuged at 40,000 x g to remove cell debris, and the supernatant liquid was removed and saved. The cell pellet was resuspended in 200 ml of Buffer A and again subjected to sonic oscillation. The supernatant liquid obtained from this second centrifugation was combined with the first supernatant liquid and the pooled soluble fractions were centrifuged at 300,000 x g for 1 h to obtain a clear supernatant liquid that was designated the crude extract.
Step 2. Ammonium sulfate fractionation. To the crude extract from step 1, solid ammonium sulfate was slowly added with stirring to reach a saturation of 25%. The solution was allowed to stand in ice for 1 h and was then centrifuged at 40,000 x g to remove the precipitate which was discarded. The supernatant liquid was then brought to 55% saturation by the addition of solid ammonium sulfate, and after standing on ice for 1 h, the precipitate was collected by centrifugation and dissolved in a minimum volume of Buffer A.
Step 3. Gel filtration on Sephadex G-75. The ammonium sulfate fraction from step 2 was applied to a 2 x 120 cm column of Sephadex G-75 that had been equilibrated with Buffer B (10 mM Tris-HCI buffer, pH 7.5, containing 1 mM p-mercaptoethanol and 1 M KC1). Three ml fractions were collected, and each fraction was assayed for trehalose-P synthase activity. Active fractions were pooled and concentrated on an Amicon concentrating apparatus equipped with a Diaflo PM 30 membrane.
Step 4. Gel filtration on Sephacryl S-300. The concentrated enzyme prepa- Fig. 4 . Effect of GDP and ADP on the formation of trehalose-P by the purified trehalose-P synthase using UDP-glucose as the glucosyl donor. Incubations were as described in the text and contained I (ig of hepann and various concentrations of ADP or GDP as shown in the figure. Trehalose-P formation was determined as described in Materials and methods. ration from step 3 was applied to a 2 x 120 cm column of Sephacryl S-300 that had been equilibrated with Buffer B. Three ml fractions were collected, and each fraction was assayed for enzyme activity. Active fractions were pooled and concentrated on the Amicon filtration apparatus as indicated in other steps. The concentration of KCl was lowered by continually adding Buffer A to the enzyme solution and concentrating it on the Amicon apparatus.
Step 5. DEAE-cellulose chromatography A 2.5 x 22 cm column of DE-52 was prepared and the resin was equilibrated with Buffer A. The enzyme fraction from step 4 was applied to the column, and the column was washed with Buffer A until the protein content in the wash had fallen to negligible amounts. The trehalose-P synthase was then eluted from the column with 500 ml of a 0-0.2 M gradient of NaCl in Buffer A. Fractions containing high enzyme activity were pooled and concentrated on the Amicon to a total volume of about 20 ml
Step 6. Chromatography on hydroxyapatite. Hydroxyapatite was resuspended in Buffer C (10 mM potassium phosphate buffer, pH 6.8) and poured into a glass cylinder to make a 2.5 x 20 cm column of hydroxyapatite which was then washed extensively with Buffer C. The concentrated enzyme fraction from step 5 was applied to the column which was then washed extensively with the same buffer. The column was first eluted with 200 ml of a linear gradient of 10-100 mM potassium phosphate buffer, pH 6 8, followed by elution with 200 ml of a linear gradient from 100 to 300 mM potassium phosphate buffer, pH 6.8. Fractions containing enzyme activity were pooled and concentrated on the Amicon apparatus.
Step 7. Heparin-agarose column chromatography. A 1.5 x 20 cm column of heparin-agarose was equilibrated with Buffer A. The enzyme from step 6 was applied to the column which was then washed with Buffer A. The trehalose-P synthase was eluted from the column with 200 ml of a linear gradient of 0-0.8 M NaCl in Buffer A. The fractions containing active enzyme were pooled and concentrated to a small volume on the Amicon filtration apparatus.
Polyacrylamide gel electrophoresis
SDS gel electrophoresis was done according to Laemmli in 10% polyacrylamide gels (Laemmli, 1970) . The gels were stained with 0.05% Coomassie blue in 10% acetic acid, or with 0.3 M ZnCl 2 . The ZnCl 2 staining yields negatively stained gels showing clear protein bands on an opaque, white background. These protein bands are easily seen.
Photolabeling with 5-azido-UDP[ J2 P]-glucose
The photoaffinity labeling of the enzyme was done using 5-azido-UDP[ 32 P]-glucose (specific activity 8.5 mCi/mmol) which was synthesized as previously described (Drake et al, 1991; Drake and Elbein, 1992) . The labeling was done in Eppendorf tubes in a total volume of 100 (il containing 8 mM Tris-HCl buffer, pH 8.0, 10 mM MgCl 2 , 1 jig heparin, 10 mM glucose-6-P, 0.02 mM N 3 -UDP[
32 P]-glucose, and appropriate amounts of the trehalose-P synthase. Various amounts of unlabeled UDP-glucose, GDP-glucose, or other nucleotides were added to some tubes along with the photoaffinity label in order to determine the specificity of the labeling. Reactions were incubated for 30 s al 0°C, followed by exposure to UV irradiation for 90 s at room temperature to activate the photoaffinity label. Reactions were terminated by the addition of 5% trichloroacetic acid, the precipitated protein was isolated by centrifugation, and the supernatant liquid was discarded. The pellet was resuspended in 50 u.1 of loading buffer and subjected to SDS-PAGE. Gels were exposed to film to locate the radiolabeled protein bands, and the extent of labeling was determined by densitometry
